INTRODUCTION
Faced with the situation of current Chinese steel productivity excess, the enormous pressure of resource, energy and environment led the whole steel industry to a cold winter, which forced the industry to search for a new development patterns. Hence, it became a major task for the steel corporation to effectively achieve the decrease in cost and the improvement of plate quality. Reducing processing and production period for saving type steel product is the main aspect, which aimed to improve technique and produce better quality steel without or with fewer alloy additions (Guo-dong Wang&Xiang-hu Liu 2006).D.W. Zhao (Jing Li, Dewen Zhao& Xiang-hua Liu. 2010) used the procedure of RCR+ACC (recrystallization control rolling+ accelerated cooling) and accomplished the industrial trials of 80-85 mm gauge heavy plate steel. With the help of ultrafast cooling (UFC) technology, some steel corporations, such as NanJing steel and BaYi steel, started to the update of Q235, Q345, some of high strength steel DP steel (Gen-ji Wang, Jing Li, Yuan-chun 2007). Recently, Q.W. Cai (Baosheng Xie, Qing-wu Cai&Wei Yu 2014) also produced the Q420 E steel plates by using CR+FC (control rolling + fast cooling) process with Q345D continuous cast slabs. However, few researches were focused on the steel plates with more than 50 mm gauge thickness. Besides, the difference of mechanical property in the thickness is the major issue facing the production of heavy steel plates. Therefore, the Q460D steel plates with 60 mm gauge thickness were produced in this paper, and the effect of cooling rate and cooling temperature on the Q460D microstructures and strength was also studied, which provides fundamentals for performance improvement of higher strength steels.
EXPERIMENTS
The detailed chemical composition of the steel used in the present study is shown in Table 1 . The steel was the continuous casting slab produced by 150 t converter, and forged into block with the size of 100 mm×150 mm×120 mm. the block were soaking at 1200 °C for 2 h, and then cooled in the air to 940°C followed by hot rolled to 60 mm plates through five passes. The blocks were rolled in austenite recrystallization zone and austenite nonerecrystallization zone, the finish rolling temperature was around 820 °C. The rolled blocks were subsequently fast cooled to certain temperature, and then cooled to room temperature in the air. The finish cooling temperatures (FCT) of water cooling were chosen as 550 °C and 430 °C, and the cooling rates in water were set as 6.0 °C/s and 8.0 °C/s, and the detailed cooling parameters are shown in Table  2 . ABSTRACT: The trials of 60 mm gauge plate steel were conducted by using CR+FC (control rolling + fast cooling) process with continuous cast slabs in this paper. The effects of cooling rate and finish cooling temperature on strength and toughness of the plates were studied. The results reveal that, with the increase of cooling rate, the ferrite grain decreases, and the strength and toughness improves. The decrease of finishing cooling temperature results in the refinement of grain size and great improvement of low temperature toughness, but a modest effect on strength. When cooling rate is about 5.8 °C/s and finish cooling temperature is about 430 °C, the steel is composed of ferrite, acicular ferrite and bainite, and conforms to national standard for Q460D heavy plates, which provides fundamentals for performance improvement of higher strength steels. The samples for the tensile test and impact test were cut from the plate perpendicular to the rolling direction, and the sampling place confirmed to GB/T 2975-1998. Standard tensile specimens with a gauge diameter of 5 mm and 150 mm in length and standard V-notch impact specimens with the size of 10 mm× 10 mm×55 mm were prepared by spark wire cutting. The tensile test was conducted at room temperature basing on standards GB/T 1591-2008 using a CMT-4105 tensile machine, and tensile velocity was 2 mm/s. The impact test was conducted at -20 °C according to standard GB/T 229-2007. The specimens were sectioned longitudinally and polished following a conventional metallographic technique, where 4% nital etchant was used to reveal the microstructure. Each specimen was observed by optical microscopy (OM). The hardness of each specimen was measured in 600MRD type micro hardness tester, the loading force was 588 N, and the hardness of each specimen was the average value for more than 9 points in each specimen.
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RESULTS AND DISCUSSION

Microstructure
The microstructures of Q460D steel with high finish cooling temperature (550 °C) are shown in Fig.1 . In the case of specimens with cooling rate 6.2 °C/s, the microstructure is mainly composed of coarse ferrite, pearlite and bainite; compared with microstructure in the center, the microstructure in the surface is remarkably refined, and there is less pearlite but more banite. However, as to the specimens with cooling rate 8.8 °C/s, the microstructure in center consists of quasi-polygonal ferrite (QPF), acicular ferrite (AF) and fine martensite/austenite (M/A) islands, and there are more acicular ferrite in the surface compared with that of center.
The microstructures of Q460D steel with low finish cooling temperature (430 °C) are Fig.2 . For the specimens with cooling rate 5.8 and 8.0 °C/s, the microstructure is composed of polygonal ferrite (PF), granular bainite (GB) and acicular ferrite (AF). It should be noted that, compared with specimens with FCT 550 °C, the grain size (as shown in Fig.2 ) with finish cooling temperature 430 °C shows a significant decrease, and the percent of acicular ferrite also has an obvious increase.
temperature is high, the increase of cooling rate can effectively refine the grain size, however, with the decrease of finish cooling temperature, the refinement effect of cooling rate is gradually wakened, which confirms to the fact that there is little difference in aspect of the ferrite size when finish cooling temperature is 430 °C. 
Mechanical property
The mechanical properties of specimens at different cooling process are shown in Table 3 . It can be seen in Table 3 that, whether the finish cooling temperature is 550 °C or 430 °C, the increase of cooling rate results in the great improvement of yield strength and tensile strength. The yield strength has a dramatic increase of more than 120 MPa when cooling rate increases from 6.0 °C/s to 8.0 °C/s. The increase of cooling rate makes the driving force of nucleation and undercooling increases, and leads to the increase of nucleation rate and the impediment to the growth of grain, which makes the grains could be refined obviously. Besides, the increase of cooling rate is beneficial to the formation of hard phase, such as acicular ferrite, bainite and M/A islands, which would remarkably improve the strength of steel plates. Moreover, in the process of fast cooling, a large amount of defects (dislocations and vacancy, for instance) can maintain in the matrix, provide more nucleation sites for bainite and acicular ferrite, and results in the fine grain and improvement of strength (Bao-sheng Xie, Qing-wu Cai&Wei Yu 2014). Even so, when cooling rate is 8.0 °C/s, the yield ratio exceeds 0.94, which could not satisfy the requirement of high strength low alloy steels. During the cooling in water, the center and quarter in thickness maintain in high temperature, and the temperature in these location is barely affected by the cooling in water due to the heavy thickness. Therefore, if cooling time is less than a certain value, the average cooling rate in these locations would increase with the cooling rate; whereas, if cooling time exceeds the certain value, the average cooling rate in these locations won't be impacted at all under the conditions of same cooling rate. In other word, if cooling rate is same and finish cooling temperature is low to some extent, further decreasing finish cooling temperature could not refine the grain and improve the strength, which is consistent with the values in Table3. When finish cooling temperature is 550 °C, the impact energy of the specimen with cooling rate 8.8 °C/s is 133 J higher than that of specimens with cooling rate 6.2 °C/s, which is related to the small grain size and the acicular ferrite. As mentioned above, when finish cooling temperature is 550 °C, the specimen with cooling rate 8.8 °C/s (as shown in Fig.1d-f ) has more acicular ferrite and finer grain due to the increase of cooling rate, and it has been proved by references that the acicular ferrite and finer grain can dramatically improve the toughness (Hyo Kyung Sung& Dong Ho Lee 2015). It can be observed in Table 3 that the decrease of finish cooling temperature also benefits the toughness of steel, and this can be explained by the fact that the specimens with lower finish cooling temperature contain more acicular ferrite, bainite as well as small and disperse M/A islands. The decrease of cooling rate promotes the formation of acicular ferrite and the increase of banite transformation time. Besides that, the decrease of banite transformation time would lead bainite transformation to proceed more thoroughly and more uniformly, and results in the small and disperse retained austenite which turns out to be M/A islands. As reported by researches (Lin Zhao,&Xu-dong Zhang 2004), the large and sharp angled M/A islands are prone to cause cleavage fracture, however, the small and disperse M/A islands would improve the toughness.
Hardness uniformity of in thickness direction
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In aspects of heavy plates and ultra-heavy plates, except of cooling rate, how to guarantee the uniform temperature field in the process of fast cooling is the determining factor for the mechanical properties of the as-rolled plates. Hence, a proper cooling rate is greatly significant to ensure the temperature uniformity in the thickness direction, and the microstructure and performance in thickness direction should be within limits.
The hardness distributions in thickness direction at different cooling process are shown in Fig.3 . From  Fig.3 , the hardness gradually decreases with the increase of distance to plate surface. With the increase of cooling rate and finish cooling temperature, the difference between the hardness in center and hardness in surface increases. Under different cooling process, the hardness of locations less than 24 mm to plates surface show little difference, and the hardness of quarter in thickness under different cooling process are close and in range of 55.3 HRA to 55.7 HRA. However, cooling process would change the difference of hardness in center and surface. To specimens with cooling rate 5.8 °C/s and finish cooling temperature 430 °C/s, the difference of hardness in center and surface was measured as 1.9 HRA, but it was 5.4 HRA to specimen with cooling rate 8.8 °C/s and finish cooling temperature 550 °C/s, which implies that the Q460D plates have better strength uniformity in thickness direction when cooling rate and finish cooling temperature is low. 
CONCLUSIONS
With the increase of cooling rate, the strength and toughness of Q460D represent a dramatic improvement. When cooling rate increases from 6.0 °C/s to 9.0 °C/s, the yield strength have a great increase of 120 MPa. With the decrease of finish cooling temperature, there is a remarkable improvement in toughness of Q460D plates, and little difference in strength which is related with the fact that the decrease of finish cooling temperature would effectively affect the temperature field of plate center.
When finish cooling temperature is 430 °C and cooling rate is 4.8 °C/s, the steel plates have optimum mechanical performance, that is, the yield strength and tensile strength are 457 MPa and 585 MPa, respectively, the yield ration is 0.78, and the elongation is 25.46%, and the impact energy at -20 °C is more than 300J. Under these cooling process, the mechanical property could satisfy the requirement of Q460D steels.
Under different cooling process, the hardness gradually decreases from plate surface to center. With the increase of cooling rate and finish cooling temperature, the hardness difference of surface and center in-creases. Q460D plates have better strength uniformity in thickness direction when cooling rate and finish cooling temperature is low.
